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Introduction
C1 + N 3 -> NCI(a'A) + N 2 (6) INCE their invention in the mid 1960s, the most widely studied and, as such, represents a significant breakthrough in chemical laser class of chemical lasers has been the hydrogen halide systems. ' technology. These lasers operate on an exothermic energy release whereupon It should be noted that reactions (1-6) are preceded by a complex the liberated energy is deposited into newly formed hydrogen halide set of chain chemistry where the free radicals X and/or H are genbonds to produce a population inversion between vibrational levels. erated in the initial steps. There are many methods for generation The following three-atom exchange reactions typify the pumping of these radicals, including electrical and microwave discharges, reaction for producing upper vibrational levels in hydrogen halides:
photolysis, and purely chemical means such as high-temperature X + H 2 --HX (v) + H (1) combustors. The coupling of high-enthalpy flows found in chemical lasers with these radical generator schemes produces large amounts X + HY --HX (v) + Y (2) of heat in the active medium. Thus, extracting efficient continuous wave laser operation involves managing homogeneous reagent H + X 2 --HX (v) + X (3) mixing times and thermal budgets of the active medium with rewhere X and Y are the halogens F, Cl, Br, I, and H can be replaced" spect to the kinetics of the system. Through optimization of several by deuterium D. In some cases, more than 50% of the available flowfield parameters such as gas temperature, velocity, and species exothermicity is channeled into product vibration 2 and high vibradensity, an appropriate laser resonator and sub-or supersonic nozexotermcit ischanele ino podut vbraton2andhig virazle design can be fashioned to accommodate the extreme heat retional levels, up to v = 10, can be populated. However, lasing usually leade an beqfashionto aommdate the exteme heatse occurs on Av = -1 and -2 transitions between the low-lying vibralease and mixing requirements found in these systems. Because tional levels. For example, the prominent rovibrational laser lines these parameters are variable, the laser output power/efficiency will for the HF laser lie in the (v" = 2 ---v' = 1) and (v" = 1 ---v = 0) fluctuate accordingly, and a systematic choice of operational conbands between 2.5 and 3.0h (m.
ditions is required for efficient operation. This is especially true Recently, a population inversion and lasing were reported by of the hydrogen halide lasers because the vibrational distribution this ntlaboratoryonp atiomi iodinversion Iandlasingwetra tonate b and small signal gain can vary widely with operating conditions. this laboratory on the atomic iodine I(2p3/2)-I(2p1/2) transition at
The NCI(a1A)/I*(2P1/2 ae ytmi losniiet prtn 1.3 15 1im using the following energy transfer proceSS 3 -7 : Th C~'A /IQi 2 ) laser system is also sensitive to operating conditions. For example, to optimize the NCI(aI A) and I* ( 2 PI/ 2 ) NCI(al A) + I(2 Pi -NCI(X 3 E-)+I* 2p, (4) generation, complete dissociation of F 2 or C1 2 is essential because
IF and ICI, which are generated by This system is analogous to the well-known chemical oxygen iodine laser (COIL).' The NCl(a1 A) metastable (To = 1.1 eV) is isovalent I + X 2 ---IX + X (7) to singlet oxygen in COIL and undergoes an efficient energy transfer [where kF = 4.5 x 1 0 -14 and kc =-5.5 x 10-14 cm 3 molecule' s-1 reaction similar to the 02 (a' A) + I( these systems were difficult to obtain. However, a species' concenGovernment and is not subject to copyright protection in the United States.
tration and temperature can now be readily characterized through *National Research Council Postdoctoral Fellow, Directed Energy Direcits spectral absorption features using commercial narrow-line tuntorate, High Power Gas Lasers Branch, 3550 Aberdeen Avenue SE. analysis has been applied. Although this methodology is a general technique for characterizing F or Cl atom concentrations produced discharge tube is also available for injection of reagents. The lofrom combustion or electrical discharge devices, our specific intercation of pressure transducers and thermocouples is also indicated est is to find conditions where large F 2 and C1 2 free flows of F or in Fig. la . Cl atoms could be generated using an electric discharge because
The output of the diode laser probe passes through Borofloat winmolecular halogens and interhalogens are deleterious quenchers of dows (with a 3-deg wedge to prevent etalon effects) attached to both NCI(alA) and I*( The overall reactor pressure and linear flow velocity are controlled and a commercial source for a 404-cm-1 laser no longer exists. To by adding a large flow of N 2 at the end of the reactor. The linear circumvent these problems, titration methods have been developed, flow velocity is calculated using where a chemical reagent that reacts with X is added to the flow to produce a species that can be readily detected and converted into V = AMRT/PA (9) absolute concentration. For example, a sensitive technique for detecting F atoms in a flow tube involves monitoring the intensity of where AM is the total molar flow rate (typically -130 mmol s-l), HF (v" = 3 --v" = 0) chemiluminescence at 880 nm generated by A is the cross-sectional area (9.7 cm 2 ), R is the gas constant, P is F + C 2 H 6 reactions while adding CF 3 I as an F atom titrant. 19 This the reactor pressure (10-30 torr), and T is the reactor temperature, method is well suited for small flows of F, but would be quite exdetermined from the I atom probe, vide infra. All reagent and dilupensive and difficult to implement in our large flow reactor. The ent flows were controlled by calibrated MKS flow controllers or by most common methods for detecting the presence of Cl in a flow the use of calibrated sonic orifices. The upstream temperatures are are resonance fluorescence and C1 2 afterglow. Unfortunately, the monitored by type T thermocouples (Omega) and the upstream prestitrants C1NO and C 2 H 3 Br are not appropriate or cost effective for sures are controlled by a variety of manual and electronic pressure our conditions (high flow rates and high pressure). In addition, these regulators (Proportion Air). methods do not allow for simultaneous concentration and temperature measurement, as well as two-dimensional spatial resolution of C. Diode Probe Laser the F and Cm density in the flow.
The optical path of the diode probe is shown schematically in Unlike most techniques that involve the removal of a halogen- The path length L (two passes) is 10 cm, and y(v) is given by periment) is located 1.8 cm farther downstream and is purged by a small flow of He. An axial ring injector located at the exit of the shown in Fig. 2 .
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Based on the overall signal-to-noise ratio and the scatter of repeated temperature measurements at the same conditions, the rel-S -•x• ) ative error of the temperature measurement is assigned as ±30 K.
The I atom density is given directly by the spectral area, and the error is quite small (<5%). changes are assumed to be continuous, and the gas is assumed to be range 200-323 K and is assumed to hold for the temperature range real, with temperature-dependent specific heats. All chemical reacof concern here (400-600 K). For F atom recombination, we have tions are modeled with Arrhenius-type rate expressions for the foradopted the recommendations of the 1977 U.S. Air Force Weapons ward rate. The equilibrium constant for each reaction is determined Laboratory HF/DF kinetics review.
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via the Gibb's free energy method (see Ref. 23) , and the backRecombination of atoms at the channel walls is modeled via a ward rate is calculated from the forward rate and the equilibrium source term in the species continuity equation of the form constant.
The primary aspects of the model center on its ability to predict
the changes in F atom number densities by three-body recombinaeq tion, wall recombination, and reactions of F and F 2 with I and 12.
Hence, these aspects of the model are described in detail. The finitewhere yA is the recombination efficiency of species A, the subscript rate chemistry and reactions used by our model are shown in Table  W pertains to properties in the gas at the wall, and the subscript eq 1 (see Refs. 24-31). The primary reactions are the production of I indicates equilibrium conditions in the main body of the flow. The atoms via the reaction F + HI, the interhalogen reactions F + 12 and value of yF used here is 0.05, the maximum value determined by I + F 2 , and the atom recombination reactions. The vibrational disKota et al. 25 at room temperature for all surfaces investigated intribution within HF produced by the F + HI reaction, the vibrational cluding stainless steel. Note that the maximum value of YF reported energy transfer reactions of HF, the energy transfer from HF(v) to I, by Kota et al. for any surface was 0.10 at 80 K, which indicates that surface catalysis of F atom recombination is a relatively inefthe integrated solution were < 1%. The step size after gas injection ficient process. Kota et al. also report temperature dependent relalocations was decreased to Ax/200 and returned to Ax over a distions for Cl and Br atoms. (see Ref. 27 is also used to match the experimentally determined temperatures. The computational domain for the physical space within the exReactant flow rates are input to the model as fixed quantities and are periment simulated with this model extends from the exit of the not affected by the pressure/temperature iterations. discharge tube to the point at which the I atom measurements are Each titration represents a series of experiments where all paramtaken in the streamwise direction, from wall to wall and shroud to eters and flow rates are held constant except [HI] . As the HI flow rate shroud in the lateral direction, and from wall to wall in the vertical approaches 0, the heat release of the F + HI reaction is minimized, direction, see Fig. lc . The discharge tube is treated as a black box and the flow conditions approach those for the flow without HI. entity, for which only the exiting mass flow is known; the pressure, Hence, the initial temperature exiting the discharge is determined temperature, and the F 2 dissociation fraction of the flow exiting by matching the temperature and pressure with the model for the the discharge tube are unknown quantities that are determined by lowest HI flow rate in the titration. On the other hand, because the matching the model predictions to measured quantities downstream. F 2 dissociation fraction exiting the discharge tube is also unknown, For the range of pressures, temperatures, and mass flow rates conthis quantity is determined by matching the I atom number density sidered here, the flow exiting the discharge tube is subsonic, and measured for the highest HI flow in each titration series. The high in all simulations of the experiment, the flow is treated as subsonic
[HI] data are used because they have the highest signal-to-noise rathroughout.
tio and are the least kinetic model dependent. With the dissociation An important simplifying assumption of our calculations is that fraction, pressure, and temperature fixed, the model is run for the the HI/He flow is modeled with instantaneous mixing at the same remaining HI flow rates in the titration. streamwise position relative to the discharge tube exit at which the actual flow is injected. Secondary He is injected at the position of the second row of injectors, consistent with the experiment. Because Fig. 4b shows, the I atom flow rate at 12 torr also exceeds the ure 3a shows the vertical profiles of the I atom flow rate measured theoretical limit. Although this may be indicative of the flowfield at F 2 = 0.45 mmol s-1 with excess HI, P = 15 torr, and five difproblem described earlier, the error is only -20%, and the problem ferent positions along the reactor. A uniform concentration profile is not serious. In general, however, the agreement between the model should be exhibited, indicative of a constant velocity distribution and the experiment is very good, with the values and slopes of the along the vertical axis. The data measured 2.5 cm from the HI inlet titration curves matched very well in most cases. The agreement beare peaked in the center and fall off toward the edges. Clearly, a tween the model and experiment for the lower HI flow rates of each uniform flowfield has not been established and these data are not titration suggests that the mechanisms that interfere with a pure titrauseful for determining [I] and T. The presence of at least one I tion of F atoms (i.e., I + F 2 , F + 12, three-body recombination, and atom loss process seems evident by the factor of 2 loss of I atoms wall recombination) are modeled accurately. The average calculated between d = 5.5 and 15.5 cm. However, subsequent chemilumitemperature at 5.5 cm and F 2 = 0.45 mmol s-1 is 418 K, consistent nescent measurements indicated significant flaring of the flow and with the experimental results. The data for F 2 = 0.45 mmol s-1 are leakage around the 10.5-and 15.5-cm flow containment shrouds. also consistent with 100% dissociation. The dissociation efficiency Consequently, only the 5.5 cm datum is considered to be reliable, is less than 70% for the data with F 2 = 1.30 mmol s-1 (see Fig. 5 ). Future reactor designs will resolve this problem. Figure 3b shows the The calculated temperature for F 2 = 1.3 mmol s-1 is higher than for I atom temperature profiles. At d = 2.5 cm, the temperature peaks F 2 = 0.45 mmol s-', Tavcac = 488 K, and is consistent with the meain the center and is -1-00 K lower at the edges. The I atom flow sured values. The agreement between the predicted temperatures via data violate mass balance, which indicates that the plug flow has the line shape analysis and the model predictions tends to validate not been established. As the distance between the reagent inlet and both the line shape analysis and the model. the observation point increases, the temperature decreases and the Figures 6 and 7 summarize the titration results as a function ofF 2 temperature profiles are no longer peaked.
flow rate and pressure. In all three panels, the data points represent the dc discharge. The highest F 2 -free flow rate of F atoms that we are capable of generating is 1.0 mmol s-1. As shown in Fig. 7 , for F 2 < 0.44 mmol s-1 and P < 20 torr, 100% dissociation is achieved. reactor. When the path length is increased, extremely low concen-E trations can be measured. 
